Volcanic ash poses an ongoing risk to the safety of airspace worldwide. The accuracy to which we can forecast volcanic ash dispersion depends on the conditions of the atmosphere into which it is emitted. In this paper we use meteorological ensemble forecasts to drive a volcanic ash transport and dispersion model for the 2010 Eyjafjallajokull eruption. From analysis of these simulations we determine why the skill of deterministic-meteorological forecasts decrease with increasing ash residence time, and identify the atmospheric conditions in which this drop in skill occurs most rapidly. Large forecast errors are more likely when ash particles encounter regions of large horizontal flow separation in the atmosphere. Nearby ash particle trajectories can rapidly diverge leading to a reduction in the forecast accuracy of deterministic forecasts which do not represent variability in wind fields at the synoptic-scale. The flow separation diagnostic identifies where and why large ensemble spread may occur. This diagnostic can be used to alert forecasters to situations in which the ensemble mean is not representative of the individual ensemble member volcanic ash distributions. Knowledge of potential ensemble outliers can be used to assess confidence in the forecast and to avoid potentially dangerous situations in which forecasts fail to predict harmful levels of volcanic ash.
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The volcanic ash advisory centres (VAACs) are responsible for producing volcanic ash cloud 42 analysis and forecasts to assist the aviation community in planning their operations and minimis-43 ing risks. There are currently 9 VAACs that together provide a comprehensive global modelling 44 and warning system for the aviation community. These 9 VAACs use 6 different volcanic ash 45 transport and dispersion (VATD) models to to produce volcanic ash charts showing the forecast 46 location of volcanic ash in the atmosphere at different flight levels and out to forecast lead-times of 24 hours. VATD models are initialised using data about the location of the eruption, the time ical input from a single realisation of the flow field to produce a volcanic ash forecast (referred 66 to as deterministic-met volcanic ash forecast in this paper). The aim of this paper is to identify 67 the atmospheric conditions in which there is a higher chance that deterministic-met volcanic ash 68 forecast skill may rapidly decrease and to discuss the potential use of ensemble meteorological 69 input to VATD models as a method to address the missing synoptic-scale variability in volcanic 70 ash forecasts (referred to as ensemble-met volcanic ash forecasts in this paper).
71
Several studies have investigated the space and time-dependent skill of deterministic-met vol- volcanic eruptions by comparing deterministic-met volcanic ash forecasts with satellite observa-74 tions. They showed that these forecasts were generally good for short-term (18 hours from start 75 of the eruption) forecasts but that forecast skill appeared to decrease at longer lead-times. This showed that generally skill decreases as the residence time of ash increases but that the rate of 83 skill decrease depends on the meteorological situation. In some situations only the position of ash 84 particles with residence time less than 24 hours are correctly simulated whereas in other situations 85 the position of ash particles with residence times longer than 72 hours can be accurately simulated.
86
Other studies have shown that the inclusion of buffer zones, to account for positional errors in the 87 deterministic-met volcanic ash clouds, can lead to significant improvement in the agreement with better agreement with observations than the deterministic-met forecast.
103
While all these studies demonstrate that ensemble-met forecasts show better agreement with 104 observations than the deterministic-met forecasts, particularly at longer lead-times, the dynamical 105 reasons why they perform better has not been explored. The aim of our study therefore is to 106 illustrate why the skill of deterministic-met forecasts decreases with increasing ash residence time,
107
and furthermore to identify the atmospheric conditions in which this drop in skill occurs most 108 rapidly. These conditions are identified using ECMWF meteorological ensembles as input to the 109 NAME VATD model to simulate an ensemble of particle trajectories. The VATD model used in this study is the Numerical Atmospheric-dispersion Modelling Envi-128 ronment (NAME). NAME is used by the London Volcanic Ash Advisory centre to forecast the 129 spatial distribution of volcanic ash following an eruption. In this study we use NAME III (version One measure of the uncertainty in meteorological flow conditions is the time evolution of spatial 157 spread in particle trajectories. In this paper the ensemble spread is calculated using the root- 
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The diagnostic used to characterise the synoptic-scale flow conditions is the 2-D horizontal flow 
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∂
where v is the velocity vector, q is the wind speed, n is distance in the direction perpendicular to 167 the flow, and x and y are distances in longitude and latitude directions, respectively. Where this 168 diagnostic is positive, the atmospheric flow separates, and where it is negative, the flow contracts.
169
Thus it is a good diagnostic for identifying where particle trajectories will spread apart. The flow In this section we explain why the ensemble member forecasts differ so much from each other.
208
In order to do this we examine the flow pattern at approximately 50 • N and 15 • W, the location at 209 which the ash particle trajectories show an increase in spread.
210
Figures 2(a) and (b) shows the streamlines and flow separation at 12UTC and 18UTC on 6 May 211 respectively, for a single deterministic-met ensemble member forecast. The streamlines evolve flow it is not subject to perturbations representing unresolved eddies, hence its smooth trajectory.
224
The black star indicates the location of the particle at the time of the flow separation field. 12 hours 225 after the particle is released into the atmosphere (figure 2(a)) the particle is at 57 • N, 13 • W where 226 the streamlines are roughly parallel to one another and hence flow separation is small. 24 hours 227 after the particle is released into the atmosphere (figure 2(b)) the particle is at 51 • N, 17 • W and is 228 11 in a region of strong positive flow separation. The streamlines spread apart as they approach the 229 point of intersection between the trough and ridge region (known as a col or saddle point).
230
It is difficult to analyse the along-trajectory flow separation in this Eulerian framework, therefore forecast trajectory spread (measured using the RMS perpendicular distance described in section d). In this paper we examine the atmospheric flow characteristics that lead to volcanic ash cloud 277 bifurcation and a reduction in forecast skill. We performed multiple forecasts using the UK Met
278
Office volcanic ash transport and dispersion model (NAME) and input from ensemble meteoro-279 logical flow fields from the ECMWF ensemble prediction system.
280
In moderate to strong wind situations the atmospheric conditions leading to large variability For example, a forecaster could reduce the size of the hazardous area whenever high confidence 294 in the ash cloud forecast was indicated. Reductions in the hazard area would avoid unnecessary 295 disruption to airspace.
296
In this paper we have only considered the uncertainty in the horizontal wind fields. Uncertainty 
